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Osteopontin (OPN) is an extracellular matrix protein 
that bind* to iniegrin Here we demonstrate that 
two other integrins, and njts, are aba receptors fbr 
OPN. Human embryonic kidney 293 cells adhere to hu- 
man recombinant osteopontin (glutathione £- transfer- 
ase-osteopontln; GST-OPN) using integrln When 
the 293 cells are transfected with the fi t subunit, they 
can also adhere to GST-OPN using integrln ajt^ Diva- 
lent cations regulate the binding of GST-OPN to both 
"v0x and Mg a+ and Mn 2 * support the binding of 
GST-OPN to these Integriru bnt Ca 4 * does not. The high- 
est affinity Is observed In Mn a+ . In the presence of this 
ion, the affinity of GST-OPN Tor oj^ is IS dm and the 
affinity for a^fa is 48 nM. The antibody 8A2, which is an 
agonist for 0„ promotes the adhesion of 293 cells to 
GST-OPN even when Ca*+ Is present This observation 
suggests that cellular events could modulate the affinity 
orov/li for OPN. Collectively, these findings prove that 
integiins oj],, a^, and ajjs 3 have similar affinity for 
OPN. Therefore, all three bitegrins must be considered 
when evaluating the biological affects of OPN. 



Osceopontln (OPN) 1 ts a secreted phosphoproteln that was 
ortftlrwUy Isolated from bone (1). OPN Is also found In many 
otter fluids and tissues Including milk, urine, placenta, kidney, 
leukocytes, smooth muscle cells, and some tumor cells (for 
reviews, see Refs. 1 and 2). OPN supports cell adhesion through 
Its Arg-Gly-Asp (RGD) Integrln recognition motif. OPN Is also 
rich In asparttc acid reslduos, and can be heavily glycosylated. 
The addle nature of OPN probably accounts for its ability to 
modulate the growth of calcium crystals In both bone (1 , 2) and 
urine 0}- 

Integrln o^ftj Is the established receptor for OPN. In bone, 
ov03 Is expressed on osteoclasts and it initiates bone resorption 
fay mediating adhesion of the osteoclast to OPN in bone (4-6). 
ft has also been hypothesized chat OPN and integrln 
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facilitate vascular remodeling because thesa two proteins are 
co-localized In smooth muscle cells following balloon angio- 
plasty (7). Both OPN and lntegrin a^ are also present in 
human placenta (8, 9), so their interaction could also be rele- 
vant to pregnancy. 

Although aj3a Is clearly a receptor fbr OPN, many other 
lnCegrfns also bind Che RGD motir (10, 1 1) and no data have 
excluded Dther bitegrins as receptors for OPN. Therefore, we 
hypothesized that other Integiins with the Oy subuniC may also 
bind OPN. The purpose of this study was to provide a quanti- 
tative biochemical analysis of the binding between OPN and 
integrlns o^Sj and ovft. We reason that a measure of these 
binding affinities will allow a meaningful comparison with the 
binding affinity of OPN to oJ? 3 (12). If more than one lntegrin 
does bind OPN with similar affinity, then much information 
attributing adhesion and signaling events entirely to the Inter- 
action between OPN and a^ 3 should be re-evaluated. 
Materials and methods 

Cell Urns— Human embryonic kidney carcinoma 293 cells were ob- 
t&Uicd from ATCC and maintained in Dulbccco's modified Eagle's me- 
dium [Bio Whlttaker) supplemented wltli 10% fetal calf so nun (Irvine 
Scientific). 20 tm Hepes (pH 7.4), 1% gtiitamlne. 1% penleiuin, and 1% 
streptomycin (Sigma), Human lntegrin subunit 0. was cloned using 
polymerase chain reaction and subcloned Into the mammal ran expres- 
sion vector ptDNA3 (Invltrogen). Kidney 293 colls were transfected at 
passage 40 with /VpcDNA3 or ptDNA3 vector alone using AA{i-(2.3- 
dloleoyioi^propil-VV.VV. Af-trtiramylainmonliini methylsuUate transac- 
tion reagent (Boehrtnger Mannheim). Stable transFectanis were ob- 
tained after selection In 500 jig/ml G418 (Slgmas) far Z weeks and 
maintained thereafter In 250 Mfifrnl C41S. Cells expressing high levels 
of were obtained by stertld FACS .with an antl-0 6 monoclonal 
aaooody (mAo), P3C2. 

Protein Expression end Purification— In this study a recombinant 
form of OPN fused the glutathione S-transfErase (GST-OPN) was used 
as Ifgand. We have previously described the chararterlzatton of this 
ligand (12). GST-OPN supports ceil adhesion in a manner equivalent to 
native uropontln. a Ibrm of OPN purified from human urine (12). We 
have aha found that both versions of OPN function equally In support- 
ing cell adhesion through integral a»£ 3 and =^0, {data not shown). 
CSX-GPN was chosen in tlio Interest of consistency in performing cell 
binding studies and because of Its availability, [ntegrtn was purl* 
fled from a human placental extract using monoclonal antibody affinity 
chromatography as described previously (13). The identity and the 
purity of this protein was assessed by N-terminal ammo add sequenc- 
ing and by its ability to bind a aeries or monoclonal antibodies specific 
for either a.p s or ojS*. 

Vitronectin was purified from human plasma by affinity chromatog- 
raphy on heparuVSophartae as described (14). 

Antibodies — The monoclonal antibody BA2 and Its Fab fragment bind 
to the Integrln 0, Subunit and stimulate the ligand binding function of 
integrins containing this subunit. An In-depth characterization oT this 
antibody has been published [IS. IS). Monoclonal antibody L230 (ami* 
«0 was purified from cell culture supernatant from hybrldoma cells 
(ATCC. HB8443) by using protein A-Sepharose. The blocking activity of 
this antibody has been reported previously (17). Monoclonal anribody 
P4C10 (antl-0|) was purchased from Life Technologies. Inc. and was 
u&ed in ascites form, normally at a dilution of 1:500. Antf-0, monoclonal 
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Relative Fluorescence Intensity 

_ SiE^?"^* J??* 1 * e*!*™***** 1 *» kW«y MS ™Ua A panel of monoclonal antibodies was used W assess tatraln expression 
on wlkMype and MransfectHj human kidney 293 cells. Cells were Incubated with mouse IgG or with the noted primary antibodies andchen with 
wcondary fluoresc^i IsothlocyananvunjugMed goal anti-mouse IgG. Following extensive washing to remove free antthody the cells were luiahtted 
by flow cymmrtiy The acprBsslim level of each lntegrin subunit is Indicted by tha mean flugresceoce intensity. The tntegrtn e*presslon proDle 
of wild-type 293 cells was i PWlysed with mAb LMSQB against W). P3G2 against (0, 14H4 against ^ fa. and mAb 1977agalft« S, 
PoPowtng traosfectten Of these cells with the cDNA for ft threxpxBs^Tlhe «X h7i™dlnSliS felttfed with mAb , Plfi (JfUS 
tnmstected With the vector peONA3 alone exhibited a profile IdanUtsl to wild-type 283 cells (not shown). 

maximal cell adhesion to CST-OPN. A concentration range of ,M 1-GST- 
OPN was added to the 293 cells or the p^trwufected 2&3 cells (1 X 10* 
cells/ml) In suspension and the mixture was then incubated lor TO mln 
at 14 'C. At the end of the Incubation period, quadruplicate sample! of 
cells (90 frf) were carefully layered onto 20% sucrose cushions (280 /J) 
In microcentrifuge tubes (West Coast Scientific Inc. Kayward, CA). The 
tubes were contrirucjed for 3 mln at 14, 000 rpm and the cdl pallet In the 
tip of the tube was amputated and counted in a y-eounter. Nonspecific 
binding was measured In the presence of 20 mu EDTA and was sub* 
tracted from total binding to yield specific binding. All measurements 
were repeated at least three times yielding identical results. 

Bound protein was calculated from the specific activity c( the labeled 
Ifeand and the results ara presented as molecules bound per ceu. 
[GST<JPN1w~i. Scatchard plats were derived by plotting y|CST- 
OPNl^ against 7. where 7 represents |CST-0PN] UM>l4 nncai number of 
cells. The binding affinity (KJ of cell surface lntegrin mr CST-OPN Is 
derived Prom the slupu of this plot. Jn cues where blocking antibodies 
were present, preincubation with the ^nU bodies at 1 4 *C for 15 mln was 
carried out prior to adding l23 r CST-OPN. In cases where binding was 
Stimulated with 8A2. the antibody was added Simultaneously with the 
labeled Ugand. 

The ability of purifiad lntagrln tQ bind GST-OPN was also 
measured using a solid phase binding assay previously described (19). 
Purified oJ3 s wad immobilized on 96-well Tkertek microliter plates ac 
a coating concentration of 50 iu/well After Incubation overnight ac 
4 "C. nonspecific prorcin binding sites on the plate were blocked with 30 
mg/ml bovine serum albumin and 1 mu of the desired divalent cation U) 
In TBS (pH 7.4). Radiolabeled GST-OPN In either 2 mil Ca 1 * or 0.2 nw 
Mri'* was Chen added to the plate. In control wells, nonspecific binding 
was measured In the presence of 9 competing RCD peptide. NanspeciFlC 
binding was subtracted from the total binding to yield spedfk binding. 
Each data paint Is a result of the average of triplicate wells. 

RESULTS 

Generating Celt Unes to Study the Binding between OPN and 
a, -In tegrins—lo study the binding of aJ3 x and ov£ 5 to OPN we 
chose Che kidney 293 cells because they lack the ovp^ Integrin, 
These cells do express endogenous aJ3 t (21). Thus, the wild- 
type 293 cells serve as a model for measuring OPN binding to 
<±&\. To generate a cell line with which we could measure the 
Interaction of with OPN. the 293 cell* were transfected 
With the cDNA for /J 5 . The Integrin profile of the wild-type and 
/Sa-transfected 293 cells was compared by daw cytometry (Fig. 
I). These studies confirm that the wild type 293 cells fail to 
express ajis [panel A) or aj^ {panel B). The cells express both 
the a* and p\ subunits [panels C and D). Our imrnunopredpi- 
tatfons are consistent with prior studies (21. 22) which Indicate 
that «vf3 ; is the predominant p\ containing lntegrin on these 
cells (data not shown). Following transfealon with the 0 S 
cDNA the 293 cells also express the aj3 s hetemdlnier an the 
cell surface {panel £). The cells transfected with the cDNA far 
0s display a 10-fold greater binding of antf-0 5 antibody than 
the vector transfected or wild-type 293 celb. The expression of 



1977 was purchased from Cherrdcon Int. Inc. Monoclonal antibody 6B9 
frntl-<k*&) was produced in this laboratory (18). The polyclonal anti- 
body T545 was raised in this laboratory by immunizing rabbits with 
highly purified Integrin o^fi^ Prior characterization shows that T54S 
binds and lmmunDpreripluites any incegrln contalnlrtg the a. subuntt 
(data not shown). Nonspecific mouse IgC was obtained from Calfalo- 
chetn. Monoclonal an tl bodies LM609 (an tl and P3C2 (anu-oJL,) 
were generously provided by Mr, David Cherish (The Scripps Research 
Institute). 

Synthetic PepUdts^Thm synthetic peptides with sequence CRGDSP 
and SPCDRG were purchased from Coast Scientific (La J0II9, CA). 

FJwnscuK*activaud Call Sorting (FAC5)—FACS analysU was per- 
formed using standard protocols. Briefly, cells wero harvested hi phos- 
phato-buflered sallne/EDTA. washed once with Dulbecco's modified 
Bagte'a medium, and rcsuspended In the same media, Cells were Incu- 
bated with primary antibody for 30 mln on lco and then washed rwlco. 
Cells were Uwn bicubated with fluorescein IsotMocyanate^ccrtfugaled 
grot anti-mousa secondary antibody (Caltag) for 30 mln on Ice, Cells 
were washed twice with rnedla and resuspended in pnosphate-bufTered 
sallno for FACS analysis. 7ACS analysis was performed on a Becton 
Dickinson FACSsotft. 

Cell AdhtSldn Assa/s— Cell adheSton was measured as described 
previously (13). CST-OPN or vitronectin were coated onto 9B*well mi- 
croliter plates CTkerteV) and incubacad overnight at 4 "C, Our mcos 
urements using ,2S 1-^st-OpN as a tracer indicate that 13-19% of the 
CST-OPN actually binds the plate when the coatinc, concentration la 
between 1 and 100 nM. Thus, the amount of llgand available lur cell 
adhesion Is cansldeiabh/ less than the coating concentration. There was 
liirie variability In coaxing efficiency so comparisons of cell adhesion aa 
a function of coating concentration are valid. Following exposure to 
GST-OPN. the plates were than blocked by 30 mg/ml bovine serum 
albumin In TBS (pH 7.4) for I h at 37 "C. CeDs were harvested from 
tissue culture flasks with phos phate-b u/Te red saline/EDTA. washed, 
and resuspended in adhesion buffer containing 1 * Hanks' balanced 
salt solution lacking tuVafeat cations. 50 nut Hepes (pH 7.4). I mg/ml 
bovine serum albumin and 0-5 mil Mn", 2 nm Ca 2+ , or 2 mu Mg 1 ", In 
most experiments 100 >J of cells (13 x 10° ceTls/mu were added to each 
welL Where required, appropriate concencrotlon or agonists (o^-. acti- 
vating mAb 8A2. typically at 1 /urfml) or antagonists fc^; EDTA at 20 
mM or blocking antibodies, 1:500 tor ascites and 5-20 ^g/oil tor purifled 
mAbs) were mixed with the cells before they were added to the wells. 
Various batches of control ftstttc* give no inhibition ota l:SO0 dilution. 
After a 45-rrtln Incubation at 37 "C. the ram-adherent cells were washed 
off with TBS by gentle aspiration. Adherent cells were detected by a 
catnrttnetrlc assay measuring endogenous cellular lysosomal acid phos- 
phatase acxMry with a chrornophore that absorbs at 403 nm (2G). A 
standard CUfve With CtllS in Suspension snowed thatabsOrbance values 
were-directty proportional to cell number. All experiments were per- 
formed at least three rimes yielding identical results. 

Radioligand Binding Measufctntnu—To assess the eCQniry of GST- 
OPN for integrlna on the 293 cells, binding Isotherms of the Interaction 
betttftan 1Zfi I-labeled GST-OPN and 293 cells were generaietl. GST-OPN 
was radiolabeled with Na ,5S I usmg IODO-CEN (Pierce Chemical Co.). 
The spedfic actrvlry was between 2 and 7 X 10"* cpm/ng of prottlfL For 
bin ding assays. ceAs were harvested and resuspended in adhesion 
buffer containing 0.5 mM Mn 1 *, wtuch had been found 10 promote 
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FJa 2. Wild-typa 293 cells and fl,-cransfected zgj cells adhere 
. Co OPN. The adhesion of wild-type {open bar$ and ^-transfeceed (ri^rfr 
293 celb to GST-CPN was challenged with a series of blocking 
monoclonal antibodies. Cell adhesion to GST-OPN was performed In the 
presence of LMG09 (and-a^J. P1F6 (antl^jStJ. P*C10 (antl-flj, the 
mum™ or PI P6 and P4C10, U30 (anU-aJ, and RGD peptide as a 
control inhibitor. Tha results are expr&Mcd as a perctnragu of contra) 
adhesion In the presenco of mouse IfiC (control). The data are the moan 
of triplicate wells. Error burs denote the standard deviation. This ex- 
periment was performed four times yielding identical results. 

an 293 cells was also confirmed by immunopreelpitatlon 
and Western blotting using antibodies specific for a^s (data 
nut shown). 

Integrins aj9, and <^(3 S are Receptors for OPN— To deter- 
mine whether and oj9s could mediate cell adhesion to 
GST-OPN, the wild-type and fl 5 -cransfected 293 cells were 
allowed to adhere to immobilized GST-OPN. Both cell lines 
adhere Co GST-OPN (Fig. 2). The adhesion was hlodced by RGD 
peptide and by P4C10. en antibody against tho p\ subunlt. The 
adhesion of these cells was also inhibited by L230, an antibody 
that blocks Junction of a*. The antibody against o^, LM&09, 
had no effect. Based on these data, and lmmunapreclpitation 
experiments showing that the majority of 0, in these cells is 
complexed with a v (data not shown), we conclude a v ^ l Is a 
receptor for OPM, 

The adhesion of 0 s «transfected 293 cells was also blocked by 
the antibody against the or v suhunlt 0L23O). Approximately 70% 
of the adhesion of the flj-transfected cells could be blocked by 
P1F6. an antibody that Interferes with ilgand binding to 
The remainder of the adhesion (30%) could be blocked by an- 
tibody against the J3, subunlt, indicating that the endogenous 
a v 0 l contributes to the adhesion of these cells to OPN. These 
experiments show that etyfls can also mediate cell adhesion to 
- OPN. 

The Cation Dependence of Adhesion to OPN Ts Distinct from 
the Cation dependence for Vitronectin— -Ca 2 * does not support 
the binding of OPN to integrin a^ 3 (12), To determine If Ca a * 
Is similarly Ineffective In supporting GST-OPN binding to o tt 0 1 
and av0 3 , we tested the ability of Ca**, Mg* + , and Mn z * co 
support the adhesion of wild- type and fctransfected 293 cells 
to GST-OPN (Fig. 3, panels A and £0. For comparison, the 
ability Of each Ion to support the adhesion of each cell line to 
vitronectin is also shown {panels C and UJ. In this study, the 
amount of coated protein was varied across a concentration 
range. Each ion was used at a concentration found to support 
maxima] adhesion (not shown). Ca z * did not support adhesion 
_ of either cell line to GSTT-OPN. However. Ca 2+ did enable 
maximal cell adhesion to vitronectin. Mn a * was most effective 
in supporting the adhesion of a v {S x and expressing cells to 
GST-OPN. Mg* + , which Is likely to be the physiologically rel- 
evant ion, also supported adhesion. Despite slight differences 
In the rank order potency of divalent Ions in supporting adhe- 
sion to vitronectin, all three ions did support maximal adhesion 
to this protein. Physiologic levels o/Ca z " supported adhesion to 
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Fig. 3. A comparison of the effects of divalent ions on cell 
adhesion to osteopantln and vitronectin. The adhesion of kidney 
203 cells otprtSsbweJther lmegrln oj3, {panels A and Q or tntegrtn 
[panels Band 23 to either GST-OPN [panafrA and B) or vitmnec- 
Un ipaoeJj Cand was tested in buffer confining Ca lt 01). Mg 1 * ( ), 
or Mn 1 * (•). The adhesion of me fr-transfceted cells was measured In 
the presence of antibody P4C10 co eliminate any amtrttjution of Endog- 
enous o^fi, to cell adhesion. Adhesion assays were conducted as de- 
scribed under " Experimental Procedures." Each data point Is the aver- 
age of quadruplicate measurements. This experiment was performed 
four time* yielding identical results. Additionally, in separate e*peri* 
mania, Identical results were obtained when uropontin was usad as 
immobilized llgaml 

vitronectin but not to GST-OPN. We conclude that there Is a 
fundamental difference in the cation requirement of integral 
binding to OPN as opposed to vitronectin. 

Measuring the Affinity of C5 T-OPN for , and a* fa— The 
OPN receptor that has received the most attention Is integiin 
*v03- We recently measured the affinity between GST-OPN 
and purified integrin a,ft and found the apparent K a to be 
between 5 and 30 nM (12). Recent binding studies between 
GST-OPN and a«0, on the surface of M2I melanoma cells has 
yielded a similar affinity (data not shown). To gauge the sig- 
nificance of the binding of OPN to a v fi , or it is Important 
to compare the binding affinities between OPN and each of 
these integrins. To measure the affinity of OPN for a J?, and 
a^ s . we performed binding assays with soluble ,£5 1- GST-OPN. 
These binding studies were performed by harvesting the wild- 
type 253 cells or the fc-transfected 293 cells from tissue culture 
flasks and placing the cells In suspension. Binding s cudles were 
done In Mn z+ to obtain the highest affinity between GST-OPN 
and the two Integrins. In the case of the Pg-transfected Cells, we 
found that a small component (typically 10-20% or total bind* 
ing) of GST-OPN binding was mediated through endogenous 
ovpY To eliminate this component from the analysis, the bind- 
ing studies with the 0 r transrected cells were performed m the 
presence of a saturating level of a function blocking antibody 
against the /}, subunlt. Initial control binding studies showed 
that the specific binding of IM I-GST-OPN to both wild-type and 
0 3 *transfected 293 was inhibited completely by an RGD peptide 
and by blocking antibody against the o^ subunlt (data not 
shown). To measure the relative affinity of GST-OPN for inte- 
grln a v ^ l and 0*05, binding Isotherms ware generated across a 
concentratiDn range of lM I-GST-OPN (Fig. 4). Scatchard anal- 
ysis of the binding Isotherms revealed that OPN has an affinity 
of 18 OM for a v 0 t (Fig. 4B) and 48 nM for o^ s (Fig. 4£J. These 
affinity constants are similar to the apparent K a (5-30 nM) we 
measured between GST-OPN and purified c^fl, (12). Conse- 
quently, the blnduig affinity between GST-OPN and all three 
tvintegrins is similar. 
Binding of CST-OPN to Purified Integrin 0^5— Integrln 
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Flo. 4. A measurement of the bind- 
ing affinity between CST-OPN and 
flg9 t and a^. Isotherm of 1 ^-CST- 
OPN binding co wild-type 293 colb {A) 
and Rfinuufbtted 293 celb (Q main- 
tained la suspension whe generated. 
Calls were harvested .from tlssua culture 
Auks ra usual sod were rcsuspended In 
adhesion buffer containing 0.5 mw Mrr**. 
Mn** was chosen to measure the highest 
affinity between GST-OPN and the two 
integrins. '"I-GST-OPN of increasing 
concentration whs added to the cells and' 
the mixture was allowed to incubate with 
™king far 70 mln at 14 "C Bound Ugend 
was separated from free ligand by centrlf- 
u gallon through sucrose cushions (see 
•Experimental Procedures"). Each point 
ts the average of triplicate data points and 
each isotherm b representative of at least 
three repetitions. The error tars show the 
standard deviation. To derive the affinity 
of the interaction between CST-OPN and 
integrhi tt,0 t or lntegrln t^ 0 the data 
shown In paneh A and C were replatted 
according to the method of Scatchard (53). 
This derivation yialds Scatchard plots for 
GST-OPN binding to nj3, (£) and o„£ s 
The R 4 values far these lines are 0^7 
and O.JK), respectively. 
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o^s is abundant enough In placenta to purify aj8 fi for direct 
binding studies (13). We measured the blading of 1M I-GST- 
OPN to purified ajfa using the same format that Was previ- 
ously used Tor (12). As shown In Fig SA Mn 2+ Is mare 
effective than Ca 2+ in promoting the binding of OPN to o^pj. 
Although this assay format does not allow an exact derivation 
of KjbcGXisc the binding or Hgand to lntegrln is irreversible in 
this assay format (11), we can assign an apparent K H and 
compare this value to that obtained ibr ovfe In Mn a+ , the 
apparent /C^of GST-OPN for Ls ZO nM, which la compara- 
ble to the value of 5-3D nM for (12), Thus, the two purified 
Integrins bind GST-OPN with nearly equal affinity. The puri- 
fied is obtained from a placental lysate by first depleting 
the lysate of a^fc by affinity chromatography. Therefore, we 
performed an enzyme-linked immunosorbent assay on the pu- 
rified « v 0 5 to mako sure that It contained no contaminating 
cr^. This enzyme-linked] Immunosorbent assay was done with 
mAo 5B9 which is specific for Ov/Jg (15) and niAb LMB09 which 
binds only to a^fa , As shown In Fig. 5fi the purified a^ B 
contains no detectable aJJ* proving that OPN binds to purified 

Adhesion to OPN through lntegrin aj^ Can Be Stimulated 
by Activation of the 0 } Subunit with Monoclonal Antibody 
&A2—\\ has been reported that many Integrins can exist In 
multiple affinity states (10, 24-30). These observations indi- 
cate that there may be cellular pathways that control the 
affinity of an lntegrln for Us ligand. Because our data shows 
that Ca a+ does not support adhesion to OPN, we wondered IT 
other stimuli could override this phenomena- Since the physi- 
ologic stimuli that regulate lntegrln affinity have not been 
completely discerned, we made use of the monoclonal antibody 
8AZ. This antibody ls a known agonist For £, Integrins CI 5. 16) 
end it has been suggested that BA2 mimics the physiologic 
. activation of these integrins. We tested the ability of 8A2 to 
stimulate the adhesion of 293 cells to OPN. These studies were 
performed in buffer containing Ca 2 *. As shown In Pig. 6A, 293 
cells adhered to GST-OPN In the presence of InAb 8A2 In buffer 
containing Ca z * . No adhesion to GST-OPN was observed In the 
presence of normal mouse IgG in the same buffer. To determine 
whether this stimulation was saturable and corresponded with 
the binding of 8A2 to o^i. the number of cell surface binding 
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Fjc S. lntegrln ajj is also a receptor of otteopantln. A, the 
binding of CST-OPN to lntegrln was also determined by a solid 
phase binding assay. This Study was done In buffer containing Mn 1 * 
(0.2 mu, 9) or Ca z " (2 iw, V) as divalent cation. The binding assay was 
performad as described previously (Id). The data are the average or 
triplicate points in which the error was less than 12% of the total 
binding. Nonspecific binding was less than 8% of the total binding as 
determined by Inoibarian with competing ROD peptide. Nonspecific 
binding is subtracted from die total binding, b. to ensure that no 
contaminating was present in the e^Ps prepamtaa. en enzyme- 
linked immunosorbent assay was performed. The monoclonal antibody 
6B9 H (IB) was used as a probe of lntegrln and antibody LM609 
(•) was used* to detect lntegrln o^. 

sites for the antibody was measured. As shown in Pig. 63 the 
binding of IJB I-mAb 8A2 to Z93 cells in suspension approaches 
saturation between 0.5 and 1 u^/ml of antibody. This concen- 
tration corresponds dosely with the amount of the antibody 
that maximally stimulates adhesion to OPN (Fig. QA). From 
the Scatchard plot shown In Fig. 6C. the X^of mAb 8A2 for 0^1 
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Fio. 6. Antibody 8A2 stimulates 293 cell adhesion to OPN In 
Ca 1 *. A the adhesion of wild-type 293 cells is GST- OPN was measured 
In the presence of a range of mAb SA2 (•) or normal mouse IgC { ). 
Cells were ^suspended In adhesion buffer containing 2 mM Cz>**. The 
ceils (100 jil at 1.3 * 10* ceUs/ml) were allowed Co adhere to GST-QPN 
at a coating concentration of 10 mi. The data are the mean of triplicate 
welt*. Error bits denote the standard deviation. This experiment was 
performed three times yielding Identical resides, a the affinity and 
number of b|ftdJrt£ sites on 203 celb fen- mAb 8A? was measured by 
generating a binding isotherm with radiolabeled 8A2. Nonspecific bind- 
ing was determined by competition with an excess of unlabeled 8A2 and 
was typically less [ban 10% of total binding. The specifically bound 
counts ere shewn. C. these data were transformed into a Scatchard plot 
(53) to quantify the binding affinity and the number or binding sites. 

on 293 cells is 1.4 nw and the number or cell surface binding 
sites Is 51,000. This value matches exactly the number of a^, 
molecules on the call surface as measured by binding of lZ5 I- 
GST-OPN (Fig. 4, A and £). 

We also examined the ability of mAb 8A2 to stimulate cell 
adhesion across the range of coated GST- OPN (Fig, 7.4). In the 
presence of mAb 8A2, the coating concentration of C5T-OPN 
that support half-maximal cell adhesion Is similar to that ob- 
tained in Mn** (Fig. 3/1). Indicating that both &A2 and Mn 2+ 
induce the high affinity state of o^,. To Verify that mAb 8A2 
stimulates adhesion to OPN by enhancing the affinity state or 
adhesion assays were done In the presence of mAb 8A2 
and a series of antagonists, including ftGD peptide, antibody 
P4C10 (antl-ft), and mAb L230 (antl-oj. The adhesion to 
GST-OPN that is Induced by mAb AA2 can be blocked by each 
of the above inhibitors (Fig. 7fl). Neither random peptide nor 
mouse IgG affected cell adhesion. Several other control exper- 
. Imerua were also performed. These studies showed that the Fab 
fragment of mAb 6A2 was as effective as the whole antibody 
and chat mAb 8A2 did not Induce the expression of more aJJ, 
on the cell surface. 

DISCUSSION - 

Many Interactions between cells and the extracellular ma- 
trix depend on cellular recognition of the RGD motif within 
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FIG. 7. mAb 8A2 simulate* adhesion to GST-OPN through In- 
tegral (*0,. A, the adhesion of wild-type 293 ceils to GST-OPN was 
measured In the presence of a range or coated GST-OPN In the presence 
or 1 /4gM or either &A2, (O) or normal manse IgG n. Cells (100 fil at 
1.5 X 10" cells/ml) were resuspended In adhesion buffer containing 2 
mM Ca' + and were allowed to adhere to a range of GST-OPN tor 45 mln 
at 37 *£, The data arc the mean of triplicate wells. Eftttr bars denoto 
the standard deviation. B. to confirm that integrin a£ % is rued latino 
9A2-stlrrnitaced adhesion to GST-OPN In Ca* + . the adhesion was ch»l. 
lenged by synthetic peptides end monoclonal antibodies. These any 
mAb 8A2 only (-4). 100 fM CRGDSP (5). 100 uM SPDCRG (Q, 1:300 
dilution ofenu-0, asdtes P4C10 {Pt. 20 pfiftnl of a niK« v mAb L23Q (Q, 
and 20 ftgfrfil nonspecific mouse IgG (/). 

adhesive proteins. Small peptides with the RGD sequence will 
bind to several integrin adhesion receptors, but larger adhesive 
proteins display considerable Integrin binding specificity. 
Therefore, an important issue with every RGD<antalnlng ad- 
hCSfve protein Is to identify its receptor(s). OPN, for instance, 
binds to integrin but not to the platelet integrin n Ilb £ 3 
(12). However, It is rtOW apparent that several mtegxins nave 
ligand binding properties similar to a^ z , these are the four 
other integrins containing the o^subunlr, o^S,, p^, 0^. and 
Ov^a (22) . Like 0^3, two of these integrins, aj3 L and o^p 1 * bind 
to vitronectin. This functional similarity lead us to suspect that 
both of these Integrins may also bind OPN. Since both e^ft and 
<KPs have been identified in tissues. Ilka bone and the vascu- 
lature where OPN Is involved In tissue remodeling (1, 2, 31). 
there Is the potential for a physiologically relevant Interaction 
between these integrins and OPN. 

Ideally experiments designed to characterize the Interac- 
tions between Integrins and their llgands would provide a 
quantitative measure of these interactions so that a hierarchy 
of binding affinities is available. Here, the affinity between 
OPN and integrin ctJ3j and ojj9 s was determined by measuring 
the binding of "*I-CST-OFN to these Integrins present on the 
Surface of kidney 293 cells. Scatchard analysis shows that in 
the highest affinity state, the K4 of GST-OPN Is 1 8 nw for o,0j 
and 48 nM for ct v 0 3 . Wo also measured the apparent affinity 
between GST-OPN and purified integrin 0^5. It was Impossi- 
ble to determine a K d using Scatchard analysis because GST- 
OPN binding to a^Ps Immobilized in micro titer wells was nan- 
dissociable. This non-dissociable binding has been observed 
previously with integrin 0^3 and its potential physiologic sig- 
nificance has been discussed (23). Despite this binding anom- 
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aly. the apparent (20 nM) between GST-OPN and purified 
integrin la comparable to ths affinity between GST-OPN 
and purified o^fa measured in the fame assay under the same 
conditions (12), In addition, several cell adhesion experiments 
showed that the coating concentration of GST-OPN necessary 
for half-maximal cell adhesion through o^ftj (Fig- 3. A and 
and fl^fc (12) was Identical. Collectively, our data suggest 
there is no substantial preference in the binding cF OPN to any 
of these ov-integrtns. It is Important to reiterate that OPN does 
ngt bind to all integrins. We recently measured the binding of 
OPN to the platelet integrin « U tA and showed that these two 
proteins da not interact (12). 

The binding of OPN to its different i^-lntegrin receptors Is 
also similar with respect to divalent ion requirement. We pre- 
viously found that both Mg*+ and Mn a+ support OPN binding 
to Integrin but that Ca* + suppresses this interaction (1 2) . 
Here, we show that Ca i+ also fails to support the binding of 
OPN to Integrins cv0, and «J3 fi . This observation 1* important 
because it Illustrates a key differaice between the binding of 
OPN and vitronectin to ov-integrlns. Although small differ- 
ences fixtst in the rank-order potency of divalent kins in sup- 
porting adhesion to vitronectin, physiologic levels of Ca B+ sup- 
ported maximal cell adhesion to this protein through a^, and 
«v0 5 - This ts in contrast to the adhesion to OPN which Is not 
supported at any level by Ca s+ . In this regard it U worth noting 
an Important biochemical distinction between vitronectin and 
OPN. The vitronectin used In these studies is a muL timer, often 
containing between 12 and 15 vitronectin moieties per mul- 
timer (32. 33). There Is substantial evidence that the multim- 
eric vitronectin is also present in extracellular matrices in vivo 
(32-34). In contrast, the OPN used in these studies was proven 
to be monomerle by mass spectral analysts (12) and gel filtra- 
tion chromatography (data not shown). The soluble OPN found 
in body fluids Is also assumed co be a monomer. Consequently, 
It is possible that multuneric vitronectin engages several Into* 
grms simultaneously, thereby overriding an otherwise lower 
affinity between vitronectin and cvlntcgrlns in calcium Ion. 

While Ca a+ does not support OPN binding co Integrins <k&\ 
and Mn* + Is able to enhance the binding. This result Is 
not unexpected because Mn 3 * is known to activate tigand bind- 
ing functions of many Integrins (22, 35-38). The physiologic 
activation of integrins can also be mimicked by monoclonal 
antibodies (16. 39-41). For example, several studies have dem- 
onstrated that Integrins can be Subject to physiologic activa- 
tion. The best example is the platelet fibrinogen receptor inte- 
grin QnhPa. which exists in a dormant state on resting platelets. 
This integrin responds to platelet activation by increasing Its 
affinity for soluble fibrinogen '(42), This increased binding af- 
finity enables platelet aggregation at the site of a wound. Our 
data Indicate that the binding of GST-OPN to Integrin <* v 0 l can 
be enhanced by both Mn*~ and the mAb 9AZ. which is known 
to be an agonist of other pVlntegrlns. Although several other 
integrins are known co have agonists other than divalent Ions 
(IS), to our knowledge, this is the Qrst demonstration that the 
affinity of an cvintegrln can be modulated by an agonist be- 
sides Mn z+ . By analogy with other integrins that are similarly 
stimulated, it is possible that this artificial stimulus indicates 
the potential for enhancing the affinity state of the Integrin by 
. physiologic means. It is Important to emphasize that even 
when Ca z> is present, the mAb 8A2 was able to enhance cell 
adhesion to OPN to maximal levels. Thus, the suppressive 
effects Of Ca 2+ can be overridden by other stimuli. In future 
studies. It will be important to determine If a*", and aJ3 s can 
be similarly stimulated to bind OPN when Ca*+ Is present and 
to determine if there are cellular signals that can promota 
adhesion to OPN in Ca*"*\ 
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The binding of OPN to and a# 5 may be important to 
bone homeostasis. OPN is thought to be one of the most impor- 
tant matrix proteins for osteoclast adhesion (2. 4). In addition, 
soluble OPN stimulates intracellular signaling in osteoclasts! 
Including Ca e+ fluxes and the phosphorylation of intracellular 
proteins (43). It has been reported that integrin a y fi l is present 
on human osteoclasts (44-47) and that Integrin aj 5 Is present 
on chicken osteoclast precursors (48. 49). Therefore both of 
these integrins are positioned to mediate interactions between 
OPN and cells in bone. Our finding that integrins a^, and <r v fo 
have high affinity for OPN Indicates that interactions between 
OPN and these receptors may play an essential role in bone 
remodeling. Blocking the activity of c^fe with antibodies faibJb- 
tts bone resorption, but no analogous study has been done with 
antagonists of other i^-lntegrins. Our data suggest that similar 
experiments should bo done with antagonists of fi t and pV 

Recent study also indicates that OPN Is involved in vascular 
injury and repair (B, 3 1), One of the initial responses to vascu- 
lar Injury Is the formation of a neoindma which precedes the 
Formation of atherosclerotic lesions (50). Glachelli ec aj. £51) 
recently showed chat OPN expression Is increased substan- 
tially In both rat and human smooth muscle cells surrounding 
a vessel that has been exposed to a catheter- induced Injury. 
Because of the temporal regulation of OPN synthesis following 
this insult, the hypothesis was put fort J i that the OPN ex- 
pressed by smooth muscle cells may be an important modulator 
of cell migration and proliferation associated with neolntima 
formation (7, 52). The same group showed that Integrin 
mediates only a portion or smooth muscle cell or to OPN: a 
major component of this adhesion was not blocked by antago- 
nists specific for (7). The data presented in this report 
indicate that integrins a^ 5 and ojl] should be considered as 
candidate OPN receptors involved In guiding vascular repair. 

The kinetic data in this report provide information essential 
to an untfei-sLanding of the biology of OPN. Many adhesive and 
signaling events are tied to cellular exposure to OPN. In large 
part. It had been assumed that these events are mediated by 
Integrin crj^ because it was the only known OPN receptor. In 
conjunction with our prior study (12), the data in this report 
show that ov03, a v Pi. and ajSg have similar affinities for OPN 
and that the ion regulation of OPN binding to each Integrin is 
nearly identical. Therefore, along with ov£», Ov0, and ovfe 
must now be considered receptors for OPN. 
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